Abstract The aquaporins (AQPs) are small, integralmembrane proteins that selectively transport water across cell plasma membranes. A subset of AQPs, the aquaglyceroporins, also transport glycerol. AQPs are strongly expressed in tumor cells of different origins, particularly aggressive tumors. Recent discoveries of AQP involvement in cell migration and proliferation suggest that AQPs play key roles in tumor biology. AQP1 is ubiquitously expressed in tumor vascular endothelium, and AQP1-null mice show defective tumor angiogenesis resulting from impaired endothelial cell migration. AQP-expressing cancer cells show enhanced migration in vitro and greater local tumor invasion, tumor cell extravasation, and metastases in vivo. AQP-dependent cell migration may involve AQP-facilitated water influx into lamellipodia at the front edge of migrating cells. The aquaglyceroporin AQP3, which is found in normal epidermis and becomes upregulated in basal cell carcinoma, facilitates cell proliferation in different cell types. Remarkably, AQP3-null mice are resistant to skin tumorigenesis by a mechanism that may involve reduced tumor cell glycerol metabolism and ATP generation. Together, the data suggest that AQP expression in tumor cells and tumor vessels facilitates tumor growth and spread, suggesting AQP inhibition as a novel antitumor therapy.
Introduction
The aquaporins (AQPs) are a family of small (∼30 kDa/ monomer) membrane transport proteins that assemble in membranes as tetramers and act primarily as water-selective pores, facilitating osmotically driven water transport across cell plasma membranes [1, 2] . A subset of the AQP family, the aquaglyceroporins (AQP3, AQP7, AQP9), transport both water and glycerol. Studies largely from knockout mice implicate AQPs in many expected physiological functions, including urine concentration and exocrine gland secretion, as well as in several unanticipated functions, including brain swelling, neural signal transduction, skin moisturization, and fat metabolism [3, 4] . Compelling new evidence for involvement of AQPs in cell migration and proliferation, as reviewed here, add AQPs to an expanding list of effectors in tumor biology.
AQP expression in tumors
As summarized in Table 1 , at least 12 different tumor cell types have been reported to express AQPs in vivo in humans and rodents. For some tumors, positive correlations have been established between histological tumor grade and the amount of AQP expression, as for AQP4 expression in diffuse astrocytomas [5, 6] . The four studies reporting reduced AQP expression in tumors should be interpreted with caution because only single AQPs were studied without exploring the possibility that other AQPs may be upregulated. For example, in human colorectal cancer, one study reported reduced AQP8 expression [7] but another study showed increased expression of AQPs 1, 3, and 5 [8] , suggesting that, in some cases, AQPs may become expressed in tumors even when these AQPs are not found in the normal cells of origin. Overall, it appears that AQP expression becomes upregulated in tumors, but it is not known from expression studies whether this is an aberrant phenomenon or whether it plays a role in tumor biology.
Because AQPs transport water, most expression studies speculate that AQPs in tumor cells allow water to rapidly penetrate into the growing tumor mass. Tumor AQP expression may thus cause tumor expansion by exacerbating tumor-associated edema, a particularly troublesome complication in the case of brain tumors. In astrocytomas, for example, tumor AQP4 expression correlates with the amount of edema but not with patient survival [6, 9] . Because of the noncompliant skull, brain tumor edema contributes to increased intracranial pressure, which reduces cerebral blood flow and produces brain herniation. Recent evidence for the involvement of AQPs in angiogenesis, and in tumor cell migration and proliferation [10] [11] [12] [13] [14] , suggest new roles of AQPs in tumor biology, in addition to their potential role in tumorassociated edema.
AQP1 facilitates tumor angiogenesis and endothelial cell migration AQP1 is expressed in vascular endothelial cells throughout the body, except in the normal central nervous system [15] . The function of AQP1 in vascular endothelial cells was established using an in vivo tumor angiogenesis assay in which wild-type and AQP1-null mice were subcutaneously implanted with B16F10 melanoma cells [14] . Tumor growth was reduced in AQP1-null mice (Fig. 1a) due to impaired tumor angiogenesis causing extensive tumor necrosis (Fig. 1b) . The underlying defect in the AQP1-null endothelial cells was determined using cell culture models. Cultured aortic endothelial cells from wild-type and AQP1 null mice had comparable morphology, growth, and adherence to different surfaces but showed remarkable impairment in their migration as determined using transwell ( Fig. 1c ) and in vitro scratch assays. These findings suggested that the strong AQP1 expression observed in tumor microvascular endothelial cells facilitates their migration, an essential component of tumor angiogenesis. Follow-up experiments showed that AQPs facilitate cell migration independent of AQP and cell types. AQP1 and AQP4 accelerate the migration of cultured Chinese Hamster Ovary and Fisher Rat Thyroid cells [14] ; AQP4 facilitates astrocyte cell migration [12, 13] ; and AQP1 facilitates the migration of cultured renal proximal tubule cells [10] , B16F10 melanoma, and 4T1 breast cancer cells [16] . Two mechanisms have been proposed to explain how AQPs facilitate cell migration [17] : According to the first theory, AQPs facilitate rapid water flow across the plasma membrane into the front end of migrating cells (Fig. 1d) . The rapid transmembrane water influx is driven by changes in osmolality produced by transmembrane ion flux and actin depolymerization. This theory would explain why AQPs tend to polarize to the front end of migrating cells. According to the second theory, cells migrating through the irregularly shaped extracellular space undergo rapid changes in their volume, accompanied by rapid changes in trasmembrane water fluxes.
AQPs facilitate tumor cell extravasation and metastasis
The generality of AQP-facilitated cell migration to different cell types and AQPs suggests that AQP expression in tumor cells may increase local tumor invasiveness and the ability of tumor cells to metastasize by crossing microvascular endothelial barriers. To test this possibility, tumor cell migration, invasiveness, and metastatic potential were evaluated using two established mouse cell lines (B16F10 melanoma and 4T1 breast tumor) without vs with AQP1 expression [16] . AQP1 expression did not affect the appearance, size, growth, or substrate adherence of the tumor cells in culture, but it increased their plasma membrane osmotic water permeability by 5-to 10-fold. In vitro analysis of cell migration using transwell migration and scratch assays showed greatly increased migration of the AQP1-expressing tumor cells, as anticipated. Also, as found for migrating endothelial and other types cells, AQP1 expression increased the number and shape of lamellipodia. To study tumor cell extravasation across microvascular endothelia, tumor cells were labeled with fixable fluorescent dyes so that they could be identified after intravenous injection in mice. Cells were stained with cell-permeable red or green fluorescent dyes, which become entrapped in c Migration of aortic endothelial cells for 6 h towards 10% serum shown in a transwell assay (left). Picture shows migrated wild-type and AQP1 null endothelial cells (stained with Coomassie blue) after scraping. Data summary (S.E., n=16-20, asterisk P<0.001) (right). d Proposed mechanism of AQP-facilitated endothelial cell migration: 1 Actin depolymerization and ion movements increase osmolality at the anterior end of the cell. 2 Water entry increases local hydrostatic pressure, producing cell membrane expansion to form a protrusion. AQP polarizes to the leading edge of the cell membrane facilitating water entry into the cell. 3 Actin repolymerizes stabilizing the protrusion. Adapted from [14, 17] cells by covalent reaction with cytoplasmic proteins. The two-color cell labeling strategy for simultaneous detection of control and AQP1-expressing cells was validated using the in vitro transwell assay in which a mixture of red-labeled control 4T1 cells and green-labeled AQP1-expressing 4T1 cells was added to the upper chamber of a transwell filter. Figure 2a (left panel) shows the red and green adherent cells at 6 h after cell addition. More green than red Adapted from [18] cells remained after scraping the upper surface of the filter (middle panel). From counting many cells on multiple filters, the ratio of AQP1-expressing vs control cells was significantly increased after scraping cells (Fig. 2a, right) , indicating increased migration of the AQP1-expressing cells. The same approach was used in mice to study tumor cell extravasation. Following tail vein injection of a mixture of fluorescently labeled cells, there was a >1.5-fold increase in the number of AQP1-expressing vs control cells that had migrated across lung microvascular endothelia at 6 h.
Tumor cell growth and spread were also studied. In one set of studies, lung metastases were counted and their size was determined at 15 days after tail vein injection of control or AQP1-expressing tumor cells. Figure 2b (left) shows more metastases in lungs of mice injected with AQP1-expressing tumor cells. Also, in most mice receiving the AQP1-expressing cells, there was evidence for tumor infiltration of the alveolar wall (middle panel). The data summary in the right panel shows a significantly greater number of lung metastases produced by the AQP1-expressing tumor cells but no difference in the average size of individual metastases. In another set of experiments, mice were implanted subcutaneously with control or AQP1-expressing 4T1 or B16F10 cells to study tumor growth and local invasion. Tumor growth, as assessed by tumor volume at different times after implantation, was not affected by AQP1 expression. However, finger-like projections into subcutaneous adipose tissue were seen with AQP1-expressing but not with control cells. Together, these studies support the idea that AQP expression in tumor cells can increase their migration, leading to greater local invasiveness and metastatic potential.
AQP3 deletion in mice prevents skin tumor formation
We recently discovered a remarkable phenotype in AQP3 null mice-resistance to the development of skin tumors [18] . AQP3 is an aquaglyceroporin (transporting water and glycerol) expressed at the basolateral membrane of epithelial cells in kidney collecting duct, airways, and intestine, as well as in urinary bladder, conjunctiva, and cornea [19] . In mammalian skin, AQP3 is expressed strongly in plasma membranes of the basal epidermal cell layer. Phenotype analysis of AQP3 null mice showed dry skin and delayed barrier recovery after removal of the stratum corneum [20] [21] [22] . These defects were attributed to the absence of AQP3-facilitated glycerol transport, resulting in reduced stratum corneum and epidermal cell glycerol content [20, 21] .
Our motivation for studying AQP3 and skin tumors was the strong expression of AQP3 in basal cells in human skin squamous cell carcinomas. Figure 3a shows one of many such examples. Also, we recently discovered proliferation defects in AQP3 knockout mice in normally AQP3-expressing cells in cornea [23] , resulting in delayed healing of corneal wounds; in colon [24] , producing severe colitis in experimental models; and in skin [11] , slowing cutaneous wound healing.
An established multistage carcinogenesis model was used to study skin tumor formation, which involved skin exposure to a tumor initiator and phorbol ester promoter [25] . The phenotype finding, as shown in Fig. 3b , was the absence of cutaneous papillomas in AQP3 knockout mice under identical treatment conditions in which multiple tumors were produced in wild-type mice [18] .
Studies to establish the cellular mechanisms responsible for the skin tumor phenotype, utilizing living mice and keratinocyte cell cultures, showed impaired promoterinduced cell proliferation in AQP3-null or knock-down keratinocytes. AQP3-deficient keratinocytes had reduced content of glycerol, its metabolite glycerol-3-phosphate, and ATP, without impairment of mitochondrial function. Glycerol supplementation or AQP3 adenoviral infection (but not AQP1 adenoviral infection) corrected the defects in keratinocyte proliferation and reduced ATP generation. Further studies revealed correlations between cell proliferation and ATP and glycerol content. As diagrammed in Fig. 3c , we propose that AQP3-facilitated glycerol transport is an important determinant of epidermal cell proliferation and tumorigenesis by a novel mechanism in which cellular glycerol is a key regulator of cellular ATP energy. The mechanism also shows glycerol biosynthetic incorporation into lipids, ATP-facilitated MAP kinase signaling, and positive feedback in which cell proliferation increases AQP3 expression. It is not known whether this mechanism applies to nonepidermal, AQP3-expressing cells.
Tumor-committed cells generally have an aggressive energy metabolic profile, allowing them to compete with surrounding cells, proliferate, and form characteristic structure [26] . The resistance to skin tumorigenesis in AQP3 deficiency provides a rational basis for AQP3 inhibition/suppression in the therapy of skin and possibly other cancers associated with overexpression of aquaglyceroporins. Prevention of uptake of cell substrates during early tumorigenesis represents a novel paradigm in tumor therapy.
Clinical implications
The involvement of AQPs in angiogenesis and tumor cell migration and proliferation has potentially important clinical implications. First, it provides a functional explanation for AQP expression in tumor cells and tumor microvessels and for the correlations between tumor aggressiveness and AQP expression. Second, it provides a rational basis to evaluate AQP inhibitors, when available, for tumor therapy, both for reduction of tumor angiogenesis and tumor spread. Last, the remarkable resistance to skin tumor formation in AQP3 deficiency suggests the possible use of topical AQP3 inhibitors for tumor prevention and therapy.
